When households lack access to continuous piped water, water storage in the home creates opportunities for contamination. Storage in copper vessels has been shown to reduce microbes, but inactivation kinetics of enteric bacteria in water by copper alone needs to be understood. This work characterized inactivation kinetics of Escherichia coli and Pseudomonas aeruginosa by dissolved ionic copper in water. Reductions of E. coli and P. aeruginosa increase with increasing dose. At 0.3 mg/L, there was a 2.5 log 10 reduction of E. coli within 6 hours. At 1 and 3 mg/L, the detection limit was reached between 3 and 6 hours; maximum reduction measured was 8.5 log 10 . For P. aeruginosa, at 6 hours there was 1 log 10 reduction at 0.3 mg/L, 3.0 log 10 at 1 mg/L, and 3.6 log 10 at 3 mg/L. There was no significant decline in copper concentration. Copper inactivates bacteria under controlled conditions at doses between 0.3 and 1 mg/L. E. coli was inactivated more rapidly than P. aeruginosa.
INTRODUCTION
When households do not have access to a continuous piped water supply, water collection outside of the home and water storage in the home are common. These practices create opportunities for microbial contamination at the source and within the household. Even when households have access to an improved or safe water source, the drinking water that they collect remains highly susceptible to recontamination during storage in the home (Wright et al. ; Levy et al. ) . There is potential to reduce the global burden of waterborne illness with a low-cost and effective disinfection option for stored drinking water in the household that provides a disinfectant residual as a barrier against recontamination.
Copper is a potential candidate disinfectant for water that is stored in the home. Some of the favorable features of copper for disinfection of stored water are the lack of disinfection byproduct formation and potential stability of residual concentration (Yahya et al. ) , although more research is needed on residual stability for copper ions. There is evidence for the antimicrobial effects of copper against bacteria on surfaces and in traditional home water storage containers (Sharan et al. a, b, , ) . Copper is an essential micronutrient, and also has the potential to overcome some of the taste and smell issues associated with chlorine that are a barrier to widespread adoption of household chlorination.
Although storage of water in traditional copper vessels has been shown to reduce microbes (Sharan et al. a) , and the dynamics of copper/silver combinations have been extensively studied for the control of bacteria in hospital piped water systems (Lin et al. , ; Cachafeiro et al. allow for evaluation of whether copper is an appropriate choice for incorporation into safe water storage practices. Therefore, the objective of this work is to characterize the inactivation kinetics of Escherichia coli and Pseudomonas aeruginosa by dissolved ionic copper in water. Bacterial reductions were expressed as log 10 (N t /N 0 ), the 
MATERIALS AND METHODS

Linear regression analysis was performed according to
first-order kinetics theory. In order to further explore the kinetic behavior of copper on the test organisms, multiple linear regression was performed on survival data points according to the currently employed first order convention followed by the US EPA. Parameters for the Chick-Watson model were estimated and used to extrapolate the time in minutes required for 2 log 10 inactivation of bacteria. The model was evaluated according to its ability to fit experimental data and to predict times for 2 log 10 inactivation. In 3 mg/L, the limit of detection was reached between 3 and 6 hours; the maximum reduction that could be measured was 8.5 log 10 ( Figure 1 ). For P. aeruginosa, at 6 hours there was 1 log 10 reduction at dose 0.3 mg/L, 3.0 log 10 at 1 mg/L, and 3.6 log 10 reduction at 3 mg/L ( Figure 2 ).
RESULTS
Initial analysis was carried out by fitting an exponential model to the data. The slopes of these regression lines were (Table 3) .
Based on these results, the 0.3 and 1 mg/L dose data were used to fit and evaluate the Chick-Watson and Hom models, which take into account disinfectant concentration, to describe the inactivation kinetics of these organisms. The calculated model parameters and goodness-of-fit estimates for the Chick-Watson and Hom models are summarized in Table 4 .
Though the Hom model produced mean residual values for both organisms that were at least six orders of magnitude For P. aeruginosa, previous studies have observed 6 log 10 inactivation within 1.5 hours, with no difference between doses from 0.1 to 0.8 mg/L (Huang et al. ) . The experiments that observed more rapid inactivation kinetics were carried out at 37 W C. Temperature influences the disinfection kinetics of chlorine (Floyd et al. ) ; there is some evidence to suggest that temperature affects the kinetics of injury of E. coli by copper in water (Sharan et al. a) . Consistent with our observations, studies in traditional copper water storage containers showed 1-2 log 10 reduction in E. coli at 6 hours and ∼5 log 10 reduction after 12 hours at 25 W C; the copper residual in the container at 12 hours was ∼0.2 mg/L, but was provided by natural leaching and not controlled over the course of the experiment (Sharan et al. a) . Both the inactivation kinetics and the copper concentration were affected by other chemical parameters, including salts and organic matter (Sharan et al. b) .
DISCUSSION
In general, [dissCu] appears to inactivate bacteria at slower rates than chlorine, requiring longer contact times and higher concentrations than other disinfectants to achieve the same level of inactivation. A simple, rugged, and cost-effective method for maintaining the quality of stored water will allow vulnerable populations to consume water of improved microbial quality, resulting in less exposure to waterborne pathogens.
This work has shown that dissolved copper can inactivate bacteria in water, making it a candidate disinfectant for improvement of stored water quality in the home.
CONCLUSIONS
1. In a model system under controlled conditions, ionic copper could achieve reductions of 8.5 log 10 for E. coli and 3.5 log 10 for P. aeruginosa after 6 hours' contact time. 
